Introduction 36 37
During their life-cycle, fungal species may either alternate sexual and asexual reproduction, or 38 reproduce exclusively by one of these two modes of reproduction (e.g. Taylor et al. 1999 ). These 39 reproduction strategies have important consequences for fungal demographics and evolution. For 40 example, mostly asexual populations can produce large numbers of progenies rapidly, enabling 41 them to colonize new environments to which they are already adapted (e.g. Hovmøller et al. 2008 , 42 Raboin et al. 2007 ). However, the absence of genetic recombination may decrease adaptation 43 potential in a changing environment, because new genotypes can emerge only by mutation (Crow & 44 Kimura 1965) . Sexual and asexual propagules may also have different dispersal patterns, generating 45 different population genetic structures at different spatial scales (Barrès et al. 2012, Rieux et al. 46 2014). These different dispersal capacities may produce a spatial and temporal mosaic of genetic 47 diversity, allowing natural selection to act at different spatial and temporal levels (Thrall & Burdon 48 2002 Legrand et al. 1996) . In the maritime pine plantations of south-100 western France, the Landes de Gascogne forest, small clonal patches associated with disease foci 101 have also been described (Prospero et al. 2008 ). This genetic structure would be expected for a 102 forest growing in a warm and wet climate, and with a rapid turnover of susceptible hosts due to 103 intensive management of the plantation (Fergusson et al. 2003 , Risbeth 1988 ). As in previous 104 studies, no genetic relatedness was detected between clonal patches. Two mutually exclusive 105 hypotheses can be put forward to explain this absence of genetic structure. The first hypothesis is 106 that sexual spores are regularly dispersed over long distances (i.e. over several tens of kilometers), 107 with efficient germination and fusion of basidiospores, in this forest, resulting in a random genetic 108 structure (Prospero et al. 2008 ). However, this hypothesis is not consistent with the limited spread 109 of the disease observed over several decades in this forest. The disease is thought to have originated 110 on the west coast of the region, where most of forest areas were located before the large maritime 111 pine plantations were established in the 19 th century , Prospero et al. 2008 ). The 112 second hypothesis is that the spatial scale of the previous study, covering the entire area of the 113 forest (i.e. around 1 x 10 6 ha) was inappropriate. Rare long-distance dispersal events can occur for 114 sexual spores, but the mean dispersal distance is probably of the order of a few kilometers, as 115 observed in other fungi (Rieux et al. 2014) . In this context, as highlighted above, genetic studies at a 116 spatial scale similar to that over which dispersal occurs are required to detect any spatial genetic 117 structure associated with the dispersal process. We tested this hypothesis, by analyzing the spatial 118 genetic structure of A. ostoyae within a coastal forest in which several genotypes were identified in 119 a previous study (Prospero et al. 2008 ), expanding the sampled area from less than one hectare to 120 several hundred hectares. 121
122
Our main objectives were to use the recently developed molecular markers for A. ostoyae 123 (Dutech et al. 2016): 1) to estimate the importance of genetic recombination in the population 124 studied; 2) to characterize the spatial genetic structure of this population; 3) to test the hypothesis of 125 isolation by distance (Wright 1943) , assuming that the mean dispersal distance of sexual spores is 126 between a few hundred meters and a few kilometers; 4) to estimate the spatial range over which 127 spores are dispersed from genetic data. 128 7 is located on sandy dunes 4 km from the Atlantic Ocean. The forest is composed mostly of maritime 136 pines (Pinus pinaster), with some oaks (Quercus ilex, Q. robur). Maritime pine is a local species 137 that has been cultivated intensively in plantations since the 19 th century, to help drain the marshes 138 and swamps initially present in the area and for economic reasons (for details, see Labbé et al. 139 2015) . The populations of maritime pine on the coast were present before these large plantations 140 were established. They formed small fragments of forest and were the first trees sown during this 141 period to stabilize the sandy coastal dunes . The coastal part of the Landes de 142
Gascogne Forest is currently managed by the French National Forestry Office (Office National des 143 Forêts), which favors management by natural regeneration or the sowing of maritime pine seeds 144 after commercial logging. 145
146
We extended the initial sampling area used by Prospero et al. (2008) , from the disease focus 147 named "Contis" to the south of the stand. We obtained 177 isolates from dead or dying maritime 148 pines, by collecting mycelium from under the cork as described by Prospero et al. (2008) . This 149 previous study clearly identified clonal patches that were generally less than 1 ha in diameter and 150 associated with a single disease focus. We maximized the chances of collecting different genotypes 151 for studies of their genetic relationships, by collecting isolates mostly from trees located at least 100 152 m apart (55% of the samples, and 98% of all pairs of distances). The minimum distance separating 153 two isolates was 16 m; the maximum distance was 3474 m, and the total area sampled was close to 154 500 ha. Samples were located with a GPS Trimble Geo7X, and GPS Pathfinder Office (Trimble 155 Navigation Ltd, USA) was used for the processing of spatial data. 156
In the laboratory, we collected isolates from each infected piece of wood sampled in the field, 160 by detaching the mycelium from the cambium with a scalpel. These mycelial samples were freeze-161 dried overnight (-45°C, 0.3 mbar), and then ground with metallic beads in 2 ml microtubes, with an 162 automatic grinder (GenoGrinder Sample Prep 2010, SPEX, USA), for 15 s at 1500 rpm. DNA was 163 extracted from the ground mycelium in a cetyltrimethyl ammonium bromide (CTAB) buffer, 164 according to the protocol described by Prospero et al. (2008) . Each distance class contained at least 210 pairs of isolates (obtained for the first distance class with 198 the genotypes in single copy). Random permutations of the spatial locations of isolates (1000 199 permutations) were performed to test the hypothesis that the mean kinship coefficient for each 200 distance class was significantly different from that expected for a random spatial genetic structure. 201
We investigated the effect of clonality on spatial genetic structure, by performing the analysis both 202 with all genotypes and with a single copy of each genotype randomly chosen from the copies. 203
204
The second method used to investigate spatial genetic structure was spatial principal component 205 analysis (sPCA, Jombart et al. 2008 ). This method can be used to identify various spatial genetic 206 structures (e.g. patches, clines, genetic barriers), without the need for assumptions concerning the 207 genetic model, whereas Bayesian genetic clustering methods are dependent on the assumption of by combining a principal component analysis (PCA) of allele frequencies and the spatial distance 210 between isolates. It can identify both global structures associated with the positive components of 211 the analysis, reflecting the decrease in similarity between individuals with increasing spatial 212 distance, and local structures associated with the negative components reflecting local 213 dissimilarities between individuals located close together spatially ). Each 214 significant structure detected was displayed by plotting the samples according to their geographic 215 coordinates, color-coding and sizing them according to their scores along the significant sPCA axes. 216
We determined whether the global and local structures were significantly different from a random 217 structure by performing random permutations of sPCA components (999 permutations), and 218 comparing the observed and simulated sPCA statistics as described by Jombart et al. (2008) . 219
Estimation and testing were performed with the R package Adegenet V2.0.1 (Jombart 2008), using 220 a single copy per genotype to eliminate the effect of clonal structure on the analysis. 221
222
We tested the hypothesis of isolation by distance (IBD) associated with limited dispersal of the 223 progeny from the parents (Wright 1943) , by assuming a spatial dispersal of sexual spores in two 224 dimensions. Under this hypothesis, the slope of the estimated kinship coefficient for each pair of 225 isolates decreases linearly with the logarithm of the spatial distance separating these pairs (Rousset 226 2000) . The significance of the slope was tested by permutations of spatial distances between 227 isolates (1000 permutations) and Spearman's rank correlation analysis, as described by Rousset 228 (2000) . All the estimations of kinship coefficient and tests were performed with SPAGeDi V. (Neel et al. 2013 ). We therefore estimated this parameter for both the whole sample, 235 with a single copy per genotype, and for three subsamples of 30 genotypes each, with a maximum 236 distance of 1000 m between isolates from the same subsample. These subsamples, which were 237 smaller than the total sample, may be closer to the window in which most mating events occur, for 238 which the effective number of parents responsible for producing the sample is best estimated (Neel 239 et al. 2013 ). These three subsamples were evenly distributed over the sampling site, from north to In total, 177 isolates were analyzed for the 27 SNPs, and 149 different genotypes were occurred three times and two occurred four times). The maximal distance between two identical 260 genotypes was between 27 m and 371 m, with a mean value of 120 m. Genetic diversity, estimated 261
with H E , was between 0.046 (MS481_1) and 0.501 (FG691_1 and FG756_1), with a mean value of 262 0.36 (SE ± 0.02) ( Table 1 ). The intra-individual fixation index (F IS ) was estimated at between -263 0.151 (FG735_1) and 0.452 (MS467_8), with a mean value of 0.02 (SE ± 0.02). Overall, genotype 264 frequencies did not differ significantly from that expected under Hardy-Weinberg equilibrium. Two 265 loci (MS467_8 and FG529_1) displayed a significant departure of genotype frequencies from 266
Hardy-Weinberg expectations (P-values < 1 x 10 -4 and 0.008, respectively; Table 1 ). However, this 267 departure from expectations remained significant only for MS467_8 after correction for multiple 268 tests. In total, 351 comparisons were made for linkage disequilibrium, and 37 pairs of loci had 269 distances of more than 450 m were not significantly different from expectations for a random 284 genetic structure. For the two remaining distance classes, the kinship coefficient was estimated at -285 0.01 and -0.025, respectively. A similar decrease in kinship coefficient with increasing distance was 286 observed when only one copy of each genotype was considered. The estimate was lower for the first 287 distance class (0.04), but identical for the second class and beyond, and not significantly different 288 from that expected under a random genetic structure, except, once again, for the 1500-1750 m and 289 1750-2000 m distance classes. The slope of the autocorrelation for one copy per genotype was -290 0.012 (SE ± 0.003), which was significantly different from zero in Spearman's rank correlation 291 analysis on spatial locations (p-value < 0.01). 292
Tests on the spatial structure estimated from sPCA showed that only the global structure, 293 associated with positive eigenvalues, was significantly different from a random spatial structure 294 (999 permutations, p-value = 0.011). The local structure associated with negative eigenvalues (999 295 permutations, p-value =0.256) was not significant. Several spatial clusters of isolates with either the 296 most positive or the most negative values on the first principal axis were observed within the 297 population ( Figure 2 ). Isolates with a value close to zero were generally located between these 298 clusters. These spatial clusters had a diameter of about 500 m-1000 m (Figure 2 79.6 (mean = 40; D e = 0.4 parents/ha). We therefore used three effective densities of parents to 306 estimate σ , with the iterative procedure implemented in Spagedi. The first density used was that 307 subsamples and NeEstimator V.2.1), and the third was a density 10 times greater than the census 310 density, assuming an incomplete sampling of the area (3 parents/ha). The estimated value of σ was 311 between 130 and 162 m for the highest effective density of 3 parents/ha, depending on the 312 maximum distances considered for the regression (10 σ and 20σ, respectively). The corresponding 313 estimate was 830 m for the sampled density homozygosity in this study, which was not significantly different from that expected. In addition, 373 the steady decrease in genetic relatedness with increasing spatial distance between the pairs of 374 isolates observed on the spatial correlogram is consistent with the isolation by distance model, and 375 the local dispersal of basidiospores, producing new genotypes. We cannot rule out the possibility 376 that basidiospores can also fuse with some genotypes already present in the stand, via Buller's 377 phenomenon, to produce new genotypes (Rizzo & May 1994) . However, even if this process has 378 been described in the laboratory, there is no evidence to suggest that it occurs frequently in natural 379 conditions. The presence of these recombining genotypes in this French population suggests that 380 sexual reproduction is a key process in the population dynamics of Armillaria species. A similar 381 genetic IBD pattern was detected for an A. mellea population in California (Travadon et al. 2012) , 382 and the authors also concluded that the local dispersal of basidiospores played an important role in IBD pattern was identified for A. cepistipes at nationwide scale in Switzerland (Heinzelmann et al. 385 2011) , and a similar lack of IBD was also observed by Prospero et al. (2008) for A. ostoyae at the 386 scale of this French forest region. These conflicting results for IBD pattern highlight the importance 387 of choosing an appropriate spatial scale for inferences concerning the spatial dispersal of progenies 388 based on population genetic methods. If the spatial scale is too large relative to mean dispersal 389 distance, the spatial genetic structure may be missed due to the complex patterns associated with the 390 random effects of rare long-distance dispersal events, and genetic methods may not detect these The IBD pattern observed in this study was evenly distributed over the site, as sPCA revealed 400 several spatial clusters of related genotypes with a diameter of about 1 km. This patchy genetic 401 structure is consistent with an IBD pattern , and a dispersal of the sexual spores 402 over the spatial range of a few kilometers. This result suggests that there was no significant genetic 403 structure, such as a genetic cline or barrier, other than IBD at this spatial scale. Spatial Bayesian 404 clustering analyses detecting no significant genetic cluster also yielded similar conclusions (results 405 not shown). Assuming that the A. ostoyae population is close to the genetic drift-dispersal 406 equilibrium, then the genetic structure observed in this study can be attributed principally to IBD, 407 and gene flow can be estimated from the slope of the spatial autocorrelation (Rousset et al. 2000, populations is realistic, because maritime pines were present for many thousands of years before the 410 establishment of the large pine plantations in the 19 th century (Paquereau 1964) . Therefore, with an 411 estimated generation time of between 10 and 20 years (Labbé 2015) , several hundreds of 412 generations of the fungus have probably developed in this area. Furthermore, simulations have 413 shown that the IBD pattern rapidly becomes established at fine spatial scales after tens of 414 generations for small effective population sizes, such as that estimated here (Bradbury & Bentzen 415 2007 , Leblois et al. 2003 . Assuming dispersal-drift equilibrium, we tried to estimate the second 416 moment of parent-offspring dispersal, using several estimates of the effective density of parents. 417
The method used to estimate this density yields robust estimates in isolated and panmictic 418 populations, but has some biases when applied to continuous populations with an IBD structure 419 (Neel et al. 2013) . For example, when the sampling window is larger than the breeding window (i.e. 420 "the local area where most matings occur", Neel et al. 2013 ), the population size may be 421 underestimated for the sample. This estimated population size is often only one tenth the effective 422 population size of the sampled area (Neel et al. 2013 ). Finally, we obtained estimated densities 423 close to 0.3 parents/ha for the two types of sampling (i.e. total sample and subsamples), and close to 424 the number of sampled genotypes. These similar results suggest that this estimate for this A. ostoyae 425 population is relatively robust, and that the contribution of sexual reproduction is similar for each of 426 estimate of effective population size and the iterative procedure, we obtained a second moment of 432 parent-descendant dispersal distance of between 100 and 800 m. This spatial range of dispersal is 433 consistent with direct estimates of the mean dispersal distances for spores obtained for other fungal 434 species and by direct methods (e.g. Rieux et al. 2014 ). All these results strongly suggest that long-435 dispersal events do occur occasionally, as reported for many other fungal species (Barrès et al. 436 2008) , but that spore dispersal is mostly local (over a few hundred meters). They also suggest that 437 adaptation for many biological traits may be local. that, for organisms with large spatial distributions, such as many fungal species, limited dispersal 449 between the progenies and their parents is often estimated at fine spatial scales, but not at large 450 spatial scales. Rather than being associated with high levels of gene flow that are difficult to 451 estimate with genetic methods at large spatial scales (Wingen et al. 2007 ), these contrasting results 452 reveal that choosing the most appropriate spatial scale of investigation is crucial to the correct 453 estimation of dispersal processes by genetic methods, as pointed out by Rousset (1997) . 454
Conclusions about long-distance spore dispersal may, therefore, often be incorrect for many fungal 455 species if only genetic differentiation between populations is considered. We advocated estimating 456 dispersal at different spatial scales, to avoid misleading conclusions likely to hinder our 457 understanding of fungal biology. Square symbols represent the kinship coefficients estimated using all the isolates, and triangular 626 symbols represent those estimated from only one copy per genotype (i.e. clonal correction). The 627 light gray area corresponds to 95% of the expected kinship coefficient assuming a random spatial 628 genetic structure for all isolates considered, and the dark gray area corresponds to that based on 629 only one copy per genotype. 630 Gene and SNP_ID (the ID of the analyzed SNP for each gene) refer to the gene and SNP identification given in Dutech et al. (2016) . 1rst-and 2ndPCRP refer to the primers used for the Sequenom PCR reaction for each SNP. Length and SNP are respectively the size of the PCR product and the type of nucleotide variation. He and Fis are the gene diversity (Nei, 1987) and the intra-individual genetic fixation index respectively. P-val are the probabilities of the exact test for Hardy-Weinberg expectations (Raymond & Rousset 1995) . Values significantly different from a panmictic population are in bold. 
